ABSTRACT: Recently settled juveniles of the temperate wrasse Semicossyphus pulcher were studied for evidence of patterns in otolith microstructure corresponding to developmental stages. Fish collected at settlement were found to range in age from 37 to 78 d, yet size only ranged from 12.7 to 16.0 mm. Examination of otolith increment width, used as a measure of daily growth, revealed 2 patterns: (1) fish with long larval lives (e.g. 50 to 78 d) had an abrupt slowing of growth after ca 35 to 37 d in the plankton, with continued slow growth until settlement; and (2) fish that settled early (e.g. 35 to 40 d) had no evidence of slow growth. It would appear that 35 to 37 d is the minimum development period (i.e. precompetent period) required for this species. In addition, little variation occurred in the duration of the precompetent phase relative to the duration of the slow-growth, competent period. Post-settlement growth was unaffected by the duration of the larval life, regardless of the presence of the slow-growth phase, suggesting that extended competent phases are not detrimental to the fish. Constraints on the larvae to delay metamorphosis may be related to the need to find a suitable settlement site within the appropriate stage of their development. A longer precompetent phase may require a longer competent period to ensure that the larvae encounter a settlement site.
INTRODUCTION
Most marine fish have complex life histories that include a pelagic larval stage. This life history strategy, which is dispersive in nature, has resulted in a variety of requisite adaptations to ensure survival during this developmental stage. As larvae, fish are components of the zooplankton community and are subject to patchy food sources and a variety of predators. While response to availability of prey and avoidance of predation are typically shared by all larval fish species, some larval fish can be classified by their survival requirements at the end of their larval stage. For example, the larvae of reef-dwelling fish must be transported to a suitable settlement site at the appropriate stage in their development whereas the larvae of pelagic fish are already within their adult habitat.
During larval development, certain morphological and physiological systems must develop prior to metamorphosis. Development can therefore be classified into 2 distinct stages (drawing from invertebrate terminology): the first, 'precompetency', corresponds to the phase in which the larva is developing up to the point of being capable of metamorphosis, and the second, 'competency', corresponds to the phase where O Inter-Research/Printed in Germany metamorphosis may occur given the right cues. Because larval reef fish have the additional constraint of returning to a settlement site, the timing of metamorphosis is probably related not only to developmental stage, but also to stimuli associated with the appropriate settlement sites. Response to settlement sites has been demonstrated for many invertebrate species (Crisp 1974 , Scheltema 1977 , Strathmann 1978 , Butman 1987 . Recent work has suggested that at least some reef fish may be selecting their settlement sites via behavioral or chemical cues (Sweatman 1988) in response to the presence of algae (Jones 1984 , Carr 1989 , conspecifics (Sweatman 1983) or other fish species (Jones 1987 , Sweatman 1990 .
Larval duration of reef fishes has been shown to vary considerably within a species (Brothers et al. 1983 , Victor 1986a , b, Fowler 1989 , Wellington & Victor 1989 , and may be the result of several processes acting on each of the 2 stages of larval development (Victor 1986b) . During the precompetent stage, development may depend on growth rate which in turn is affected by environmental features such as food availability and temperature. Once a larva has reached competency, metamorphosis may be delayed due to a lack of suitable settlement cues.
Depending on in which stage of development most of this variation odcurs, information may be gained about the processes responsible for the observed variance in larval duration. If the main cause of variation is due to processes acting during the precompetent stage, then the same degree of variation in the length of the precompetent stage should occur as in the total larval duration. Alternatively, if the variation in the total duration of larval life is primarily due to processes acting after competency is achieved, then most of the variation should occur in the length of this stage, with relatively little variation occumng in the length of the precompetent stage. Finally, environmental conditions may affect both developmental stages resulting in some intermediate condition.
The purpose of this study was to verify the onset of competency in the California sheephead Semicossyphus pulcher and to delineate the source of variation observed in the duration of larval life. A primary question is whether the observed variation in the length of larval life is due to variation in the rate of development in the precompetent stage or the result of the larva's ability to delay metamorphosis during the competency period. Additionally, the consequences of delayed growth during the competent period on later, post-settlement growth were examined.
METHODS
California sheephead were collected at 2 sites in California, USA, a coastal site off La Jolla (11?"15'W, 32"45'N) , and an offshore island site at San Nicolas Island (119'28' W, 33" 12' N) . Some fish were collected within 2 d of settlement at both sites, others were collected at varying times after the settlement event (30 to 60 d) at the San Nicolas Island site. The fish were collected with dip nets and the anaesthetic Quinaldine and placed in 95 % ethanol.
In the laboratory, the standard length (SL) of each fish was measured to the nearest 0.1 mm. The otoliths (sagitta and lapillus) were extracted from the fish, placed on a glass slide and glued in place with a drop of fingernail hardener. The otolith analysis procedures followed those of Brothers (1987) , with only the sagitta used in this analysis. When needed, the otoliths were hand-polished on 600 and 1200 grit emery cloth with periodic viewing under a compound microscope to monitor progress until the primordium was exposed. Analysis of the otoliths was done on a video-equipped compound microscope using a 4 0 0~ objective. The video image was enhanced with a computer-aided image analysis software package (BIOSONICS, Inc., Optical Pattern Recognition System, Seattle, WA). Of 62 fish collected, 29 had otolith increments clear enough for counting. Of these, 11 were from recently settled fish (< 2 d) and 18 were collected up to 50 d after settlement. Increments were counted from the otolith's focus to its outer edge. Increment width was measured along a single radius. Whenever possible, this radius was selected to correspond to the greatest possible radius. In the few cases where that portion of the otolith was unreadable, another radius was chosen and measurements were standardized to the longest radius. A total of 11 of the above 29 fish had increments clear enough for measurement of daily increment width along one radius. The position of the settlement check (conspicuous transition in the increments formed at the time of settlement) was also noted.
The daily nature of otolith increments in Semicossyphus pulcher has been previously verified (Cowen 1985) . Briefly, juveniles were collected at the San Nicolas site during the settlement event and 30 d later. The increments laid down after the settlement check were then counted and compared to the number of days since the settlement event. There was a one-toone correspondence between increments laid down after settlement and days since the settlement event (Cowen 1985) . Two days were added to the total counts to account for the time between fertilization and the deposition of daily increments as being typical of labrids (Fritzche 1978 , Victor 1982 .
Back-calculating daily growth rates from increment width assumes a constant, positive relationship between otolith size and somatic growth. However, this relationship has recently been shown to vary as a result of metabolic conditions of the larvae (Mosegaard et al. 1988 , Secor & Dean 1989 , Reznick et al. 1989 , Hovenkamp 1990 . In this study, a positive, though not necessarily constant, relationship is assumed to exist between otolith growth and somatic growth.
To estimate the mean pre-settlement growth of individuals collected after settlement, the mean length at settlement (i.e. of those fish collected at settlement) was divided by the number of days to the settlement mark. While this method underestimates the growth rate of those fish that were late settlers since their actual length at settlement would be greater than the mean, these late settlers also demonstrated a reduced growth rate prior to settlement (see 'Results') which minimized the difference. Post-settlement growth of individuals collected after settlement was estimated from the regression of length at capture against the number of days since settlement, as determined by the number of increments laid down after the settlement mark.
RESULTS
There is considerably more variance in the age at settlement than in size at settlement. The size at settle- depending on age at settlement (Fig. 1) . Three distinct growth phases are evident in the daily increment growth histories of those fish with a prolonged larval life (Fig. lA,B) . In these fish, otolith growth (i.e. mean otolith increment width) proceeded at about 6 to 8 pm d-l for approximately the first 35 to 37 d, then slowed abruptly to 2 to 4 pm d-l. This slow-growth phase continued until settlement (e.g. 63 d, Fig. 1A ; 76 d, Fig.  1B ). Following settlement, otolith growth increased rapidly to between 6 and 12 pm d-l. Growth rates for fish with a relatively short larval life, however, remained relatively high with no evidence of a slowgrowth phase (Fig. 1C) . In these fish, settlement occurred at about the time (37 d) that slow-growth began in fish with longer larval duration (Fig. IC) . Plotting mean increment width by growth phase for each fish further demonstrates the pattern of distinct slowing that occurred when settlement was not coincident with the completion of the initial growth phase (Fig. 2) . In all fish examined except one, either a slowing of growth or settlement occurred at 35 to 41 d. In the one exception, the growth rate was higher than any of the other fish examined (6.8 pm d-l) and slowing began on Day 30 (datum point denoted with an asterisk, Fig. 2 ).
Variation in larval duration was primarily accounted for within the slow-growth phase rather than the initial growth phase [ Fig. 3 ; variance ratio test (Zar 1984 
DISCUSSION
Previous workers have shown that a variety of life history stages are evident in the microstructure of otoliths (e.g. Brothers & McFarland 1981 , Victor 1982 , Radtke 1989 , Fowler 1989 . In the present study, the occurrence of either a settlement mark or reduced otolith growth at about 35 to 37 d suggests that competency was achieved at this age. Apparently, if a larva was in the vicinity of an appropriate settlement site following the completion of its precompetent development, settlement occurred. In contrast, if conditions were inappropriate for settlement, metamorphosis was delayed, thus prolonging larval duration. This prolonged larval duration was physically evident by an associated slowing of otolith growth during the competent stage of development. Victor (1986b) noted a similar response of slowed growth during the delay of metamorphosis in another labrid, Thalassoma bifasciatum. Of particular interest in the present study is the relatively small variance observed in the duration of the precompetent period relative to the competent period.
The range of ages at settlement for Semicossyphus pulcher was large in the present study (35 to 78 d) relative to that found by Victor (1986a ; Table 1 , 34 to 52 d). While this may reflect differences in sample size, it is perhaps representative of the varied distances of the sampling sites from concentrated sources of larvae of S. pulcher. The youngest S. pulcher at settlement in this study and that of Victor (1986a) were collected from habitats within the central portion of the range of Califiornia sheephead and therefore close to larval sources. On the other hand, the fish with older settlement ages (in the present study) were collected at San Nicolas Island, an offshore island where there are generally no upstream sources of larval California sheephead and recruitment occurs only during occasional shifts in the dominant flow patterns which bring larvae from relatively distant sources (Cowen 1985) . Such data suggest that the mean age at settlement may provide some insight as to how far away larval sources are (Victor 1986a) , and observed variance in ages at settlement may indicate multiple sources of larvae at varying distances from the settlement site.
The ability to delay metamorphosis, and thereby extend larval duration, conveys several possible advantages to the larvae. It has been argued that long pelagic larval lives are selected for as a result of the need to disperse the young (Scheltema 1977 , Barlow 1981 ). Yet there is a lack of evidence supporting the patterns predicted by such theories (Palmer & Strathmann 1981 , Strathmann 1985 , Thresher & Brothers 1985 , Wellington & Victor 1989 . While dispersal may be aided by the presence of extended larval durations, it may not be the major selective factor influencing larval duration. More importantly, a strategy to enhance dispersal would not necessarily require an ability to delay metamorphosis; longer developmental times in the precompetent stage would accomplish the same result. Regardless of the driving forces behind the strategy of having a pelagic stage (e.g. increased availability of food for young larvae, reduced threat of predation over reefs, improved dispersal), an important provision of that strategy must be to ensure that the larva can eventually return to the reef habitat.
An advantage of the capacity to delay metamorphosis is the flexibility to settle when a suitable settlement site is presented, or more importantly, when such a site is not available, to continue to survive until such a site is located ( The potential duration of the competent stage was calculated from the difference between the minimum age at settlement and the maximum age at settlement. Data are from Victor (1986a) ; only those species with sample sizes of 2 10 were included in this analysis & Strathmann (1981) proposed that finding a suitable settlement cue is important in the evolution of delayed metamorphosis in many invertebrate larvae. They proposed a connection between the time required to reach competency and the amount of time that metamorphosis can be delayed, arguing that the longer the precompetent stage, the greater the chance of being carried away from a settlement site and therefore the longer the time in the competent stage required to encounter a suitable site. This hypothesis predicts that species with a long precompetent stage will have a potentially long competent stage. A reanalysis of Victor's (1986a) data supports this (Fig. 4) . Assuming that the minimum age at settlement is a first order estimate of the length of the precompetent stage, and that the maximum range of age at settlement is a first order estimate of the duration of the competent stage, there is a significant positive relationship for 73 species of labrids between the duration of the precompetent stage and that of the competent stage. While the results of such an analysis are preliminary, they are suggestive. Some of the observed relationship may be caused by variable growth rates, and hence development rates, thereby affecting the age at which competency is achieved (i.e. the minimum age at settlement may vary). Yet, unless all larvae are settling upon achieving competency, and the results of this study as well as Victor (198613) suggest otherwise, a component of the above relationship must result from variation in the duration of the competent period. Thus it appears, at least for labrids, that a long precompetent stage may be accompanied by a relatively long competent stage.
1985, Victor 1986b). Jackson
Longer competent periods convey the advantage of increasing the larvae's likelihood of being present during short duration (days to weeks) circulation events favorable to onshore transport (Cowen 1985) . If, on the average, a short-term (say 2 to 3 d), onshore circulation event (e.g. wind event, squirt, jet, internal wave slick) occurs once a month, the species whose competent stage extends for 4 wk will have a far greater chance of utilizing such a transport event than a species whose competent stage is only 1 wk. As a result, recruitment success would probably be enhanced for those species with a longer competent stage in the larval life, at least partially compensating for any negative effects of longer larval duration (e.g. additional time larvae are exposed to predation).
Associated with the prolonged larval duration was an apparent slowing of growth of the larvae. Somatic growth may be uncoupled from otolith growth (Mosegaard et al. 1988 , Reznick et al. 1989 , Secor & Dean 1989 , Hovenkamp 1990 ), even to the extent that when somatic growth is negative some minimum amount of CaC03 is still deposited on the otoliths (Marshal1 & Parker 1982, Jones & Brothers 1987) . In this regard, differences in otolith growth must be indicative of even greater differences in somatic growth (Hovenkamp 1990) . While the actual daily rate of somatic growth (i.e. measured as standard length) could not be determined, the otolith data demonstrate that relative somatic growth rates were much lower during the competent stage than in the precompetent and post-settlement stages.
Several questions remain regarding the constraints and/or advantages of an extended competency period with reduced growth rate. Not all fish species with long larval stages necessarily reduce their growth once competency is achieved. Some may continue to grow as evidenced by some very large individual larvae of some pleuronectids (Pearcy et al. 1977) and bothids (R. Cowen pers. obs.), while other species have actually developed specialized larval stages for prolonged larval durations (e.g. the acronura stage of the Acanthurids). For some fish, however, such as the California sheephead in this study, certain physiological and morphological constraints may limit the ability of the larval fish to grow beyond a certain size. For example, the configuration of the digestive tract of the larva may only be efficient or large enough to support a larva's growth up to a given size; changes associated with metamorphosis may be required to grow beyond that size (e.g. allometric changes in the size of the digestive system relative to the body size).
Delayed metamorphosis due to reduced growth during the competent period is distinct from a prolonged larval duration due to slowed growth resulting from poor environmental conditions (e.g. food and tempera-ture; Chambers & Leggett 1987 , Chambers et al. 1988 . In this study, most of the fish studied achieved competency within 35 to 37 d. In the one case where competency was apparently achieved several days earlier (at ca 30 d) mean increment widths reflect a faster growth rate during this individual's precompetent stage as compared to the others. Since competency is a stage in the development of the fish, environmental factors affecting growth would be expected to affect the age at which competency is achieved rather than the length of the competent period. This could be verified by examining interannual variation in the age at which competency is achieved and/or by examining larvae from different regions within the species range in a given year. Within the range of the California sheephead, water temperatures can vary by as much as 5 to 8"C, which would likely have a significant effect on growth rates and consequently developmental rates.
Once settlement and metamorphosis occurred, growth rates increased dramatically. This increase can apparently more than compensate for the delayed period, accounting for the observed positive relationship. While this slight positive relationship between larval duration and post-settlement growth rates may not have any biological basis, it is possible that, though growth is significantly reduced during the competency stage, it still results in slightly larger fish at settlement which may then attain feeding and/or growth advantages. Further work is needed for verification.
Finally, the need to find a suitable settlement site within a certain window of time in the development of the larvae represents a critical period in a larval reef fish's life. Delaying metamorphosis extends the window of time in which the larvae may find a settlement site, thereby enhancing their chances of settling. The trade-off to extending the duration of the larval stage is the longer period of time the larva will be exposed to potentially high predation rates (Houde 1987) . Ultimately settlement is just as critical to its survival as that of finding food or avoiding predators. Labrids appear to have relatively long-lived larvae with considerable variation in the duration of their larval lives relative to other families of tropical reef fish (Brothers et al. 1983 , Thresher & Brothers 1985 , Victor 1986a , Wellington & Victor 1989 . Species with shorter larval durations such as Pomacentrids may also have a proportionately similar plasticity in the duration of their competent stage, but more detailed study is needed to identify such trends. If larval duration is related to the utilization of transport and/or retention processes, then the difference in larval duration between groups such as labrids and pomacentrids may reflect differences in the physical mechanisms used by larvae for transport to or retention within the vicinity of reef habitat (e.g. Thresher & Brothers 1989) . Species with less restrictive settlement site requirements (e.g. shelf or slope species) may not need as large of a window for settlement. Extending this to the extreme case of pelagic species where no specific habitat is needed for settlement and metamorphosis, little variation in the duration of the larval stage due to transport or retention requirements would be expected. Any variation occurring would probably be due to environmental factors (e.g. food availability and temperature) influencing the growth rate within the 'precompetent' stage. In other words, there is no a priori reason for pelagic species (those already in their adult habitat) to have the ability to delay metamorphosis.
